The first enantioselective total synthesis of enokipodins A, B, C and D, highly oxidized -cuparenone-type sesquiterpenoids possessing antimicrobial activity, was accomplished in 8-28% overall yields from methyl (2,5-dimethoxy-4-methylphenyl)acetate by applying Meyers' diastereoselective alkylation protocol for the construction of their C7-quaternary asymmetric center. The present synthesis confirmed the absolute configuration of the enokipodins, and also constitutes a formal enantioselective synthesis of (S)-1,4-cuparenediol and (S)-cuparene-1,4-quinone.
from higher plants; (S)-cuparene ((S)-3a) 4, 5) and (R)--cuparenone ((R)-3b) 6) from liverworts] (Fig. 1 ). Since the isolation of (R)-(þ)-cuparene in 1958 as the first example of this class of terpenoids from the heartwood extracts of some conifers, 1) the sterically congested molecular architecture of cuparenoids has attracted considerable interest by synthetic chemists, and many reports concerning the synthesis of cuparenoids, either in racemic or optically active forms, have appeared in the literature to date. 7) Most of the synthetic efforts, however, have been focused on two simple cuparenes, 3a and 3b, 7, 8) while the syntheses of cuparenes bearing oxygen functionalities on the aromatic ring did not appear in the literature until two recent reports on the synthesis of (AE)-HM-1 methyl ether (methyl ether of 3c), 9) (AE)-1,4-cuparenediol (3d) 10) and (AE)-cuparene-1,4-quinone (4). 10) Most recently, Srikrishna and Rao have reported the synthesis of (AE)-enokipodins A and B (1a and 2a, respectively), 11) isolated in 2000 by Ishikawa and co-workers from a culture broth of an edible mushroom (Flammulina velutipes, called ''enokitake'' in Japanese). 12) These two cuparenoids and two additional -cuparenone derivatives isolated later from the same mushroom [enokipodin C (1b) and enokipodin D (2b), which correspond to C8-oxidation products of 1a and 2a, respectively] 13) showed significant antimicrobial activity against a fungus (Cladosporium herbarum) and Gram-positive bacteria (Bacillus subtilis and Staphylococcus aureus). To the best of our knowledge, enokipodins C and D are the first examples of naturally occurring cuparenones whose cyclopentanone ring and aromatic portion are both oxidized. This structural uniqueness coupled with the fact that no enantioselective synthesis of cuparenes bearing oxygen functionalities on the aromatic ring has been reported so far, as well as our interest in elucidating the biological activities of enokipodins and their analogs in detail prompted us to embark on the synthesis of optically active enokipodins A-D, and quite recently we succeeded in the first enantioselective total synthesis of these natural products. 14) We report here a full account of our synthetic study on 1a, 1b, 2a, and 2b. y To whom correspondence should be addressed. Tel/Fax: +81-22-717-8783; E-mail: skuwahar@biochem.tohoku.ac.jp
Results and Discussion
Scheme 1 represents our synthetic plan for enokipodins A-D. Hoping to obtain all the target compounds by a single synthetic strategy, we adopted an appropriately substituted cyclopentenone (B) as the common synthetic intermediate for enokipodins A-D, since the reduction of its C8-C9 double bond would produce the corresponding saturated cyclopentanone intermediate which could be converted into 1a through oxidation and reduction via 2a, while the stereoselective introduction of a hydroxy group to the C8-position of B would afford A that is suitable for transformation into 2b and 1b. Key intermediate B should be obtainable by dimethylation of C, the C7-quaternary stereocenter of which could be installed from E through D by applying Meyers' wellestablished protocol for the synthesis of chiral cyclopentenone derivatives. 15) Keto acid E was considered to be easily derived from known aromatic ester F.
According to the synthetic plan just described, our synthesis began with methallylation of F, which in turn could readily be obtained from 2,5-dimethoxy-4-methylbenzaldehyde in 3 steps by following the literature procedure (Scheme 2).
16) The double bond of the resulting product (5a) obtained in a 98% yield was cleaved by Lemieux-Johnson oxidation to give keto ester 5b almost quantitatively. When this oxidative cleavage was conducted by using ozonolysis, a substantial degree of undesirable oxidation at the aromatic ring moiety seemed to take place, as judged by the 1 H-NMR spectrum of the crude product mixture, and attempted direct alkylation of F with bromoacetone into 5b was unsuccessful due to preferential attack of the enolate of F (prepared by treating with LDA in THF) on the carbonyl group of bromoacetone, eventually leading to a 3:2 mixture of diastereomeric epoxides G in an 81% yield (Fig. 2) . The ester group of 5b was then saponified to afford keto acid E in a 96% overall yield from 5a. In order to construct the C7-quaternary stereogenic center of enokipodins by Meyers' diastereoselective alkylation protocol, 15) the keto acid (E) was converted in an 85% yield into chiral bicyclic lactam D as an inseparable 6:5 epimeric mixture at the C7-position by treating with (S)- Reagents and conditions: a) LDA, methallyl chloride, NaI, THF-HMPA 17) in refluxing toluene. Judging from the 1 H-NMR chemical shift of the angular methyl signal of each epimer ( 1.43 and 1.55 in a ratio of 6:5), the aromatic moiety of the slightly predominant epimer was considered to be oriented cis to the angular methyl group, since the angular methyl of the cis-epimer should be more strongly shielded by the aromatic moiety as compared to the corresponding trans-epimer. 15) As expected from literature precedent, 15, 18) the mixture of lactams was alkylated with iodomethane with high stereoselectivity, to give 6a in an 88% isolated yield together with a trace amount of its C7-epimer (3% yield). The methylated lactam (6a) was reduced with Red-Al Ò to give hemiaminal 6b, whose 1 H-NMR spectrum revealed that 6b had been obtained, quite interestingly, as a single stereoisomer, although the orientation of its hydroxyl group was not assigned. Compound 6b was then treated with an aqueous solution of tetrabutylammonium dihydrogenphosphate to give keto aldehyde 7 which, upon immediate exposure to aldol condensation conditions (K 2 CO 3 , t-BuOH, reflux), 19) furnished cyclopentenone derivative C in an 82% overall yield from 6a. Dimethylation of C with excess amounts of iodomethane and sodium hydride was first attempted in DMF which had been used as the solvent for dimethylation of an analogous cyclopentenone derivative. 7, 15) In this solvent, however, substantial amounts of the starting ketone (C) and the corresponding mono-methylated product remained even after 3 days of heating at 100 C. On the other hand, this dimethylation reaction proceeded smoothly in THF-HMPA (5:1), even at room temperature, to give the desired dialkylation product (B) in a 61% yield. Despite the highly hindered environment of the double bond, catalytic hydrogenation of B in ethyl acetate for 16 h at room temperature uneventfully afforded 8 which, upon oxidation with ceric ammonium nitrate, 20) (c 0.5, MeOH)) in a 55% yield. The 1 Hand 13 C-NMR spectra of synthetic 1a and 2a were respectively identical with those of natural enokipodins A and B.
Having completed the synthesis of (þ)-1a and (À)-2a, we next turned our attention to the elaboration of intermediate B to enokipodins C (1b) and D (2b) (Scheme 3). Stereoselective epoxidation of the C8-C9 double bond of B with alkaline hydrogen peroxide in methanol occurred from the less-hindered -face opposite the aromatic ring moiety to give 9 as a single stereoisomer in a moderate isolated yield of 51%. 22) In this reaction, a prolonged reaction time caused the formation of H (Fig. 2 ) which probably resulted from base-catalyzed epoxide ring-opening of 9 by methanol at the C9-position with subsequent dehydration. 23) Reductive cleavage of the epoxide ring was carried out by using Miyashita's organoselenium chemistry to afford A in a 68% yield.
24) The 1 H-NMR spectrum of A was exactly the same as that of an authentic sample prepared previously from natural enokipodin C by Ishikawa et al. 13) to determine the absolute configuration of 1b. 1 H-and 13 C-NMR) for 1b and 2b were identical with those of natural enokipodins C and D, respectively.
In conclusion, the first enantioselective total synthesis of enokipodins A, B, C and D was accomplished by starting from known aromatic ester F in 12, 11, 13 and 12 steps with overall yields of 15%, 28%, 8% and 10%, respectively. The specific rotation values of synthetic enokipodins matched those reported for the natural products, which enable us to confirm the absolute configuration of enokipodins, while the melting points of synthetic 1a and 2b were considerably higher than those of the corresponding natural enokipodins. Since (AE)-8 has previously been converted into (AE)-3d and (AE)-4, 10, 11) this synthesis also constitutes a formal synthesis of (S)-3d and (S)-4. Reagents and conditions: a) 30% aq.
Experimental IR spectra were measured by a Jasco IR Report-100 spectrometer. NMR spectra were recorded with TMS as an internal standard in CDCl 3 by a Varian Gemini 2000 (300 MHz), Varian Unity Inova 500 (500 MHz), or Varian Unity Inova 600 (600 MHz) spectrometer.
Optical rotation values were measured with a Horiba Sepa-300 polarimeter, and mass spectra were obtained with a Jeol JMS-700 spectrometer operated in the EI mode. Merck silica gel 60 (70-230 mesh) was used for column chromatography.
Methyl 2-(2,5-dimethoxy-4-methylphenyl)-4-methyl-4-pentenoate (5a). To a stirred solution of LDA, which had been prepared by treating a solution of diisopropylamine (3.80 ml, 27.1 mmol) in THF (27 ml) with butyllithium (1.57 M in hexane, 17.2 ml, 27.0 mmol) at 0 C, was added dropwise a solution of F (3.00 g, 13.4 mmol) in THF (30 ml) at À78 C. After 30 min, the reaction mixture was allowed to warm to 0 C over 1.5 h, and then re-cooled to À78
C. To the solution was successively added methallyl chloride (2.65 ml, 26.8 mmol), HMPA (8 ml) and sodium iodide (0.40 g, 2.7 mmol), and the resulting mixture was stirred for 2.5 h at À78 C, then allowed to warm to 0 C, and finally quenched with sat. NH 4 Cl aq. The mixture was extracted with ether, and the ethereal solution was successively washed with water and brine, dried over Na 2 SO 4 and concentrated in vacuo. The residue was chromatographed over silica gel (80 g; hexane-ethyl acetate, 15:1) to give 3.65 g (98%) of 5a as a solid, recrystallization of which from hexane-ethyl acetate gave colorless prisms, mp 76. 5 6 .704 (1H Â 6=11, s, ArH). To a stirred solution of D (3.00 g, 9.00 mmol) in THF (270 ml) was added dropwise a solution of sec-butyllithium (0.96 M in hexane, 15 ml, 14 mmol) at À78 C. After 2 h, iodomethane (1.40 ml, 22.5 mmol) was added at the same temperature, and the resulting mixture was allowed to warm to À15 C over 2 h. The reaction mixture was quenched with sat. NH 4 Cl aq. and extracted with ether. (4R)-4-(2,5-Dimethoxy-4-methylphenyl)-4-methyl-2-cyclopentenone (C). To a stirred solution of 6a (1.00 g, 2.88 mmol) in THF (45 ml) was added dropwise a solution of Red-Al Ò (65% in toluene, 0.540 ml, 1.80 mmol) at 0 C. After 30 min, the mixture was allowed to warm gradually to room temperature and stirred for an additional 1 h. The reaction mixture was quenched with methanol and concentrated in vacuo. The residue was diluted with a mixture of hexane and ether (1:1, 50 ml), and the resulting solution was successively washed with 15% NaOH aq., water and brine, dried over Na 2 SO 4 and concentrated in vacuo to give 6b as an oil (1. (4R)-4-(2,5-Dimethyl-4-methylphenyl)-4,5,5-trimethyl-2-cyclopentenone (B). To a stirred suspension of NaH (60% in mineral oil, 1.71 g, 42.8 mmol) in THF (2 ml) was added dropwise a solution of C (1.06 g, 4.30 mmol) in THF (5.5 ml)-HMPA (1.5 ml), and the resulting mixture was stirred for 1 h at room temperature. Iodomethane (2.67 ml, 42.9 mmol) was then added, and the mixture was stirred for 17 h at room temperature. The reaction mixture was quenched with methanol (1.7 ml) and diluted with ether. The ethereal solution was successively washed with water and brine, dried over Na 2 SO 4 and concentrated in vacuo. 3H, s, 2-CH 3 ), 1.23 (3H, s, 2-CH 3 ), 1.38 (3H, s,  3-CH 3 ), 2.01-2.09 (1H, m, 4-H), 2.21 (3H, s, ArCH 3 ), 2.41-2.58 (3H, m, 4-H, 5-H 2 ), 3.72 (3H, s, OCH 3 ), 3.81  (3H, s, OCH 3 ), 6.68 (1H, s, ArH), 6.86 (1H, s, ArH) . (4R,5S,6S)-4-(2,5-Dimethoxy-4-methylphenyl)-3,3,4-trimethyl-6-oxa-bicyclo[3.1.0]hexan-2-one (9) . To a stirred solution of B (100 mg, 0.365 mmol) in methanol (2 ml) was successively added 25% NaOH aq. (0.44 ml, 2.8 mmol) and 30% H 2 O 2 aq. (7.4 ml, 73 mmol) at 0 C. The mixture was allowed to warm to 60 C, and stirred for 6.5 h. The mixture was diluted with water and extracted with ethyl acetate. The extract was washed with brine, dried over Na 2 SO 4 and concentrated in vacuo. The residue was chromatographed over silica gel (5 (3R,4R)-3-(2,5-Dimethoxy-4-methylphenyl)-4-hydroxy-2,2,3-trimethylcyclopentanone (A). To a stirred solution of PhSeSePh (232 mg, 0.743 mmol) in ethanol (1 ml) was added NaBH 4 (56 mg, 1.5 mmol) at room temperature. After hydrogen evolution had ceased, acetic acid (5 ml, 0.09 mmol) was added to the mixture at 0 C. After 5 min, a solution of 9 (54.0 mg, 0.186 mmol) in ethanol (0.8 ml) was added, and the resulting mixture was stirred at room temperature for 1 h. The mixture was diluted with ethyl acetate, and oxygen gas was passed through the mixture for 5 min. The mixture was diluted with brine and extracted with ethyl acetate. The extract was dried over Na 2 SO 4 and concentrated in vacuo. The residue was chromatographed over silica gel (5 (2R,5R)-4,5-Dihydro-5,8,10,10-tetramethyl-2,5-methano-1-benzoxepin-2,4,7(3H)-triol (enokipodin C) (1b). To a stirred solution of 2b (12.0 mg, 0.0458 mmol) in ethanol (120 ml) was added a solution of Na 2 S 2 O 4 (16 mg, 0.092 mmol) in water (130 ml) at room temperature. After 30 min, the mixture was diluted with water (250 ml) and concentrated in vacuo. The residue was diluted with water and extracted with dichloromethane. The extract was washed with brine, dried over Na 2 SO 4 and concentrated in vacuo. The residue was chromatographed [silica gel-Na 2 S 2 O 4 (10:1), 11 g; hexane-ethyl acetate, 6:4) to give 10.8 mg (89%) of 1b as a solid, recrystallization of which from hexane-ether gave colorless prisms, ½ 
2-(2,5-Dimethoxy-4-methylphenyl)-4-oxopentanoic acid (E)
. A mixture of 5b (5.70 g, 20.4 mmol) and 2 M NaOH aq. (20.5 ml, 41.0 mmol) in THF (56 ml) was stirred for 12 h at 50 C. The mixture was extracted once with ether, and the aqueous layer was acidified with 2 M HCl aq. The resulting mixture was extracted with ether, and the ethereal solution was successively washed with water and brine, dried over Na 2 SO 4 and concentrated in vacuo. The residue was chromatographed over silica gel (110 g; hexane-ethyl acetate, 7:3) to give 5.32 g (98%) of E as a colorless microcrystalline solid, mp 121.0-122.HR-EIMS m=z (M þ ):
